retention in alluvium-derived soils of headwater ephemeral streams. while modern practices often have the opposite effect.
system and their activities maintained these functions, tions are relatively stable with immobilizing microbial environments; while modern practices often have the opposite effect. , 2002) . Zuni farmers recognize the role of upland Native Southwestern cultures. By storing runoff and hillslopes in their strategy to produce corn (Zea mays sediments, mitigating destructive floods, and producing L.) and other crops in the semiarid environment (Sandor diverse, productive vegetation for livestock and wildlife, et al., 2002) . They actively seek fresh deposits of sedialluvium-derived soils of small upland watersheds also ments and organic material for cultivation, and work to serve vital ecological and hydrological functions (Laenhance fluvial processes that link hillslopes to their gasse et al., 1990; Bull, 1997) . fields (Cushing, 1920; Norton et al., 2001; Norton et al., 2002) . Sustained productivity of Zuni agricultural soils
MATERIALS AND METHODS exemplifies the importance of hillslope processes that
We analyzed soil, landform, and vegetation distribution in support crucial cultural, ecological, and hydrological three small watersheds above long-term runoff agricultural functions of headwater alluvial fans (Bull, 1997; Pefields on the Zuni Indian Reservation, New Mexico. The reser- terson et al., 2001 ). This ancient agriculture, which is vation lies on the southeastern part of the Colorado Plateau intimately linked to natural landscape processes, creates at 1800 to 2400 m elevation ( Fig. 1) and receives an average of 300 mm of precipitation annually, the majority of which an excellent setting for investigating important relationoften comes during thunderstorms in July, August, and Sepships between upland hillslopes and nutrient cycling and narrow, steep-walled canyons that drain onto broad alluvial the arroyo channel ends above a runoff agricultural field, near the canyon mouth. valleys.
Zuni is one of 19 pueblo tribes of Arizona and New Mexico To determine the aerial extent of each slope position, we mapped field observations in each watershed on fine-scale well known for persistent, agriculturally based traditions (Ferguson and Hart, 1985) . Zuni subsistence depended on corn (1:5000; 50-cm contour interval) base maps (created by Koogle & Pouls Engineering, Inc., Albuquerque, NM, from grown in nonirrigated fields for at least 2000 yr (Kintigh, 1985; Damp et al., 2002) . Socio-economic change and assimilation 1988 aerial photography). Slope positions were entered as map units and area was calculated using Arc View 3.0 (Fig. 3 ). policies beginning with U.S. occupation of Zuni lands in the mid 19th century caused drastic declines in agriculture (CleveWe established two cross-watershed transects at the Sanchez watershed and one each at the Weekoty and Laate waterland et al., 1995). We selected three study sites (the Sanchez, Laate, and Weekoty sites) that are representative of headwasheds ( Fig. 3 ) for a total of eight divide-to-drainage hillslope transects. To adequately sample the hillslopes, soil, vegetation, ter drainages above long-term nonirrigated agricultural fields. We worked closely with a group of traditional Zuni farmers and landform samples were collected each 5 m along the transects at the Sanchez site. At the Weekoty and Laate sites, who assisted with study site location and provided invaluable insights about Zuni farming techniques. three samples were collected each 15 m along each transect: one on the transect and one 5 m each direction perpendicular The Sanchez watershed (68 ha) drains to the north with east-and west-facing hillslopes, the Laate watershed (7 ha) from the transect. At each sample point we noted slope position and signs of erosion and deposition, classified and estidrains to the southwest with northwest-and south-facing hillslopes, and the Weekoty watershed (125 ha) drains to the east mated soil cover, and collected 0-to 15-cm depth soil samples. Total vegetation cover by species, litter, bare soil, gravel, cobwith north-and south-facing hillslopes (see Fig. 3 ). Steepwalled canyons cut into sandstone and shale members of the bles, stones, and boulders were estimated using a square frame constructed from PVC tubing. Plot size varied to reflect size Gallup Sandstone formation characterize each of the watersheds (Anderson et al., 1989) . The canyon-floor alluvium in of units sampled (Grieg-Smith, 1983) , with 0.25 m 2 for herbaceous plants and other soil cover parameters, 1 m 2 for shrubs, each watershed is bisected by an entrenched ephemeral streambed (arroyo) ranging from a 1-m depth at the Laate and 4 m 2 for trees. We estimated cover classes in the field and then converted to percentages (cover class midpoints) and log site to Ͼ6 m at the Sanchez and Weekoty sites. In each case, 10 transformed for analysis (Daubenmire, 1968) . Soil samples soft Excel) on means calculated for each 10-unit increment along the composite hillslope. We also ran regressions on consisted of five to seven 0-to 15-cm depth samples from within each 1-m 2 plot mixed and subsampled to provide one data from each hillslope, the entire pooled data set, and on unweighted slope position means. The 10-unit increment analsample per plot. We described and sampled soil profiles in each slope position.
yses are presented here for SOM components because they represent transport and transformation along a continuum Soil samples were air dried in the field and transported to labs for chemical and physical analyses. Particle-size distributhrough the hillslope system. For analysis of parameters that reflect slope position rather tion was determined using the sieve and pipette method (Gee and Bauder, 1986) , with samples pretreated with 30% hydrothan a hillslope continuum (e.g., soil texture, SOM content, and vegetation), we calculated means and standard errors by gen peroxide for soil organic matter (SOM) digestion and a sodium hexametaphosphate solution for clay dispersion. Soil slope position for the pooled data set. Means of slope position data from each individual hillslope confirm the pooled means. pH was measured electrometrically using a 1:1 suspension (weight basis) of soil in distilled water using a glass electrode The means were compared by calculating least significant differences with the GLM procedure (SAS Institute, 1999) . To (McLean, 1982) . Total C and N concentrations were determined on subsamples ground to pass a 76-m sieve using a ensure normal distribution and equivalent variance, particlesize distribution data (presented as percentages) were arcsine Fissions EA1100 dry combustion CNSHO analyzer (Fissions Inst., Inc., Milan, Italy). Inorganic C concentration was detertransformed and soil cover data (also presented as percentmined with a coulombmeter on a subset of samples and found ages) were log 10 transformed before statistical analyses. Adto be insignificant relative to total C concentration in these ditional information is available in Norton (2000, p. 180) . surface soils. Total C values were therefore interpreted as organic C. Phosphorus was analyzed in soil samples from the
RESULTS
Weekoty and Laate hillslopes and one of the Sanchez hillslopes. Total P concentrations were determined by alkaline Distribution of soils on the eight hillslopes correoxidation (Dick and Tabatabai, 1977) . Available P concentrasponds to distribution of the lithologically controlled tions were measured by the Olsen extraction method (Olsen slope positions in the steep-walled, mesa/canyon topog- and Sommers, 1982) . Nitrate (NO Ϫ 3 -N) and ammonium raphy ( Fig. 2, 3 ; Table 1 ). Summit positions in our study (NH ϩ shallow A-2Cr horizon sequences on upper backslopes, of the eight hillslopes. Herbaceous ground cover (grasses and forbs) and tree canopy cover (Table 3) follow oppogradually thickening to deep, well-developed A-Bt-2Cr Alfisols on footslopes. Soils on alluvial toeslopes feature site trends on the hillslopes. Tree cover is densest on backslopes where there is very little ground cover. well-developed Bt horizons that indicate long-term stability of the alluvium, overlain by stratified loamy sediAs with soils, plant species are divided into distinct associations by slope position (Table 3 ). Backslopes are ments that generally lack soil structure and significant SOM accumulation. Backslopes are both the most excharacterized by pinyon, juniper, and Gambel oak growing singly or in clumps with thick litter layers beneath tensive and steepest slope position at all three study watersheds (Fig. 3 , Table 2 ). We noted evidence of dycanopies and bare soil in interspaces. Summit and shoulder positions typically have the largest component of namic erosion and deposition at each of the slope positions as rills, pedestaled plants and pebbles, and accumuponderosa pine (Pinus ponderosa P. from siltstone parent materials on backslopes and coars- Summit  35  9a †  8a  17a  11ab  8ab  5ab  5a  32ab  35ab  2.9a  Shoulder  37  5a  6a  10a  3ac  3bc  14a  0b  22a  27ab  0.4b  Backslope  136  6ab  5a  18a  17b  9a  11a  2b  36a  26a  0.3b  Footslope  69  12c  16b  11a  1c  10a  9ab  0b  27b  30ab  2.0ab  Toeslope  47  20c  19b  36a  0c  0c  2b  0b  20a  33b 1.1ab † Values followed by different letters within columns are significantly different at the P ϭ 0.05 level.
presented by Ruhe and Walker (1968) that describe with densest tree canopy and highest SOM content on the soils of backslopes, which have the highest clay conslopes with constant parent material.
Contents of total organic C, N, and P, as well as tents, suggests that these parameters are controlled by underlying lithology (Table 3 , 4, Fig. 4) , and, more di-C:N ratios, of surface soil closely fit negative parabolic models with highest values on backslopes (Fig. 4) . Plantrectly, its impacts on soil water holding capacity. The availability of N and P increases linearly and indepenavailable N and P contents as proportions of total N and P, as well as pH, follow linear models with lowest dently of slope position, however; even as total SOM content decreases (Fig. 4) . This suggests that N and P values on summits and highest on toeslopes. Ammonium-N concentrations on the Sanchez hillslopes inavailability are influenced by distance along the hillslope as well as plant community factors, possibly facilitated crease linearly through the backslope and footslope sections but remain relatively constant along the hillslope by mixing and physical disintegration as organic matter and sediments move downslope. continuum as a whole. Nitrate-N content is highly variable and does not follow a distinct trend along the hillslopes. These models fit both the composite hillslope Summit Positions continuum (Fig. 4) and the composite mean values by Surface soils on the broad, gently sloping summit posislope position (Table 4) . While we did not differentiate tions in this study are relatively stable with respect to between total-and organic-P fractions, the strong correerosion and deposition, as indicated by well-established lation between total P and organic C (P Ͻ 0.025) suggrasses and microbiotic crusts in canopy interspaces and gests that changes in total-P concentration along the weathered bedrock residuum parent materials (Table  hillslopes likely result from SOM dynamics rather than 1). Litter from the mixed ponderosa pine, pinyon, junirock weathering processes.
per, and oak forests covers Ͼ30% of the soil surface (Table 3) , but soil nutrients (organic C, total N, and
DISCUSSION
total P) are low compared with those of downslope positions that have even less herbaceous ground cover. The horizontal stratigraphy of the Colorado Plateau This may suggest a lack of mixing from erosion and combined with the high-elevation semiarid climate and deposition on the relatively level summits. Low soil C:N intense convective summer thunderstorms, results in ratios suggest in situ decomposition rather than removal distinctive mesa-canyon topography with broad, level and replacement with fresh litter. Low mineral N and hilltops and steep, lithologically segmented hillslopes. P concentrations, as well as low available P:total P and This topography creates a unique landscape model with NH ϩ 4 -N:total N ratios suggest an immobilizing microbial discrete landforms that have different but interconenvironment typical of stable plant communities (Schinected SOM processes. Fig. 2 is representative of our mel, 1986). This type of stability, where disturbance hillslope transects but the landscape as a whole is more (e.g., cultivation, fire, or dynamic erosion and deposicomplex, with the sequence of shoulder through foottion) is not a driving component, leads to well-estabslope positions often repeating several times on mesa lished soil microbial communities that rapidly immobislopes (see Fig. 3 ). In general, the degree of soil developlize inorganic nutrients so SOM turnover rates may be ment suggests dynamic erosion and deposition of surrelatively high but concentrations of inorganic nutrients face horizon material over stable residuum and argillic are low (Stark and Hart, 1997) . subsurface horizons at each of the slope positions (Table 1) . Similar distribution of clay content, vegetaBackslopes tion, and SOM content among the five slope positions, Backslopes, with steeper gradients, slowly permeable frequently generate runoff (Lagasse et al., 1990) . The tors in the landscape (Fig. 3, Table 2 ). Surface distur- accumulations of slopewash material) mixes, sorts, and transports soils and forest litter, possibly preventing es- † Values followed by different letters within columns are significantly different at the P ϭ 0.05 level.
tablishment of an understory plant community. Rela- tively long slope lengths mean that these effects increase P concentrations, along with increasing available P:total P and NH ϩ 4 -N:total N ratios (Fig. 4) , suggest a more progressively downslope. Soil concentrations of organic C, total N, and total P are highest in the backslope mineralizing soil environment on backslopes than summit positions, which may also be a function of forest positions, suggesting that slopewash processes mix forest litter with the loamy surface soils. Moving down the litter decomposing and being carried downslope. The clayey textures of the backslope soils may also contribhillslope transects, C:N ratios increase markedly at the top of the backslopes where the density of pinyon, juniute to a more mineralizing soil environment by enhancing soil moisture conditions, but the linear increases in per, and oaks increases (Table 3 ). Then C:N ratios gradually decrease through the steep forested slopes. This mineral N and P concentrations through the foot-and toeslope positions, with progressively lower clay consuggests that organic materials are both moving downslope and decomposing. Rising NH These trends may reflect increasing erosive power materials derived from the sandstone caprocks; backslope and footslope soils form in residuum and colluwith increasing slope length. Rain splash and sheet flow on upper backslopes remove forest litter as it begins to vium of the weathered, slope-forming shales; and toeslopes, which in this hillslope system double as alluvial decompose so that SOM is dominated by relatively fresh, high C:N ratio litter in an N-limited, immobilizing fans or terraces, form in loamy colluvium and alluvium transported from adjacent hillslopes and deposited over soil environment. Plant-available nutrients increase with decreasing elevation as summer runoff events mix partly sandy strata from the larger fluvial system (see Fig. 3 , Table 1 ). decomposed material from upslope with fresh litter beneath the pinyon, juniper, and oak canopy, possibly
Studies of the effects of vegetation on SOM content and composition show that different species can have stimulating mineralization. This is suggested by decreasing total concentrations of C, N, and P (overall loss of distinct impacts Klemmedson and Wienhold, 1991) . , for instance, SOM) but increasing mineral N and P forms through lower backslope and footslope positions (Fig. 4) . We found that Gambel oak had significant positive impacts on soil fertility in Arizona ponderosa pine stands; much observed fresh accumulations of mixed sediment and organic matter after precipitation events.
more than actinomycetes-associated N-fixing shrubs such as mountain mahogany. The predominance of Gambel oak, pinyon, and juniper trees on the steep
Footslopes and Alluvial Toeslopes
backslopes of our study areas may partly explain the The soil C:N ratios continue to decrease as mineral N peak in SOM contents on this slope position. and P increase through footslope and toeslope positions Similar parabolic trends followed by total organic C, (Fig. 4) . Abundant herbaceous ground cover in lower N, and P content, clay content, and tree cover suggest slope positions may be a result of enhanced moisture that changes in SOM content are partly associated with and available-nutrient conditions. This could lead to a particle-size distribution and/or vegetation. Each of more stable surface soil environment and to microbial these important factors in the soil microbial environimmobilization, but the influx of relatively highly minerment increases from summits to backslopes, possibly alized slopewash material (colluvium), combined with from enhanced moisture content with finer soil texture, occasional erosion and deposition, apparently outpaces and then decreases through footslopes and toeslopes as and disrupts immobilization processes to maintain longsurface soil texture becomes sandier. Carbon:N ratios, term productivity even where soils on alluvial valley however, are high on backslopes and lower on foot-and floors have been farmed for many generations (Norton, toeslopes, which is opposite what may be expected if 1996; Bull, 1997; Homburg, 2000) . Schimel et al. (1985) soil texture and associated moisture holding capacity noted the opposite in the less dynamic landscape (i.e., enhanced mineralization. Like SOM and clay content, with denser ground cover, lower erosion rates, and gen-NH ϩ 4 -N and available P concentrations in surface soils tler precipitation) of eastern Colorado's shortgrass prai-(especially relative to total N and P concentrations) also rie: decreased mineral N and higher C:N ratios on lower increase from summits to backslopes but then continue slopes. They attributed this to greater biomass producto increase independently of other soil, vegetation, and tion due to enhanced soil moisture, which caused micro-SOM parameters (Fig. 4) . This suggests that mineralizabial immobilization to outpace mineralization rates.
tion increases as a function of distance through the hillClassical catena studies show that quantity and quality slope system independently of the soil environment of SOM, as well as soil texture, pH, and other properties (e.g., SOM content and soil texture). We believe that change systematically down hillslopes (Conacher and increasing mineralization reflected in decreasing C: N Dalrymple, 1977; Jenny, 1980; Gerrard, 1992) . Many ratios and increasing N and P availability results largely studies document changes in soil properties with slope from physical breakdown and translocation of organic position, and define processes associated with sediment materials with frequent summer runoff events that altermovement, sorting, and accumulation as it pertains to nate with hot dry conditions. soil morphology (Ruhe and Walker, 1968; Kleiss, 1970;  Most studies of SOM distribution in Southwestern Honeycutt et al., 1990) . Each of these studies defines pinyon-juniper woodlands and scrub-shrub grasslands increasing SOM concentrations with distance from sumfocus on tree and shrub encroachment that increases soil heterogeneity, creating vegetated patches with depleted mit along trends that mirror fine soil fractions. Aguilar and Heil (1988) noted increasing C, N, and P concentrainterspaces (Allen, 1991; Schlesinger et al., 1996) . Development of these resource islands is both cause and effect tions, as well as narrowing C:N ratios, with decreasing elevation on North Dakota rangeland hillslopes. They of changing runoff and erosion regimes in a positive feedback relationship (Abrahams et al., 1995) . Recent suggest accumulation of runoff-transported SOM on lower slopes and infer progressive downslope increases work has focused on effects of vegetation patches on runoff and erosion yields (Wilcox, 1994) , redistribution in inorganic N concentrations. Our results generally show opposite trends in both particle-size distribution of sediments among pinyon-juniper patches and intercanopy zones (Reid et al., 1999) , and effects of shruband concentrations of SOM constituents from these models of hillslope processes. We attribute these differpatch-induced accelerated erosion on nutrient losses (Schlesinger et al., 1999) . The backslopes of our study ences to the distinct mesa-canyon topography that con- vial fans they store sediments, attenuate peak flows,
